6-Phospho-D-gluconate:NAD+ 2-oxidoreductase (decarboxylating) (NAD+-6PGD) was detected in several slow-growing strains of rhizobia, and no activity involving NADP+ was found in the same extracts. By contrast, fast-growing strains of rhizobia had NADP+-6PGD activity; most of them also had NAD+-6PGD activity. NAD+-6PGD was partially purified from the slow-growing strain Rhizobium japonicum 5006. The reaction was shown to be an oxidative decarboxylation.
6-Phosphogluconate is an important substrate in the intermediary metabolism of zglucose in bacteria. This compound is a common metabolite for both the Entner-Doudoroff pathway and the hexose monophosphate shunt. There is some evidence (7) (8) (9) for the presence of the Entner-Doudoroff pathway in most strains of rhizobia studied, including slow-growing ones. By contrast, the oxidative portion of the hexose monophosphate shunt does not seem to be present in all the rhizobia strains (8, 9) ; the key enzyme, 6-phosphogluconate dehydrogenase (6PGD), specific for oxidized nicotinamide adenine dinucleotide phosphate (NADP+), was found in fast-growing (7, 9) , but not in slowgrowing, strains (8, 9) .
However, both fast-and slow-growing rhizobia have been reported to contain NAD+-dependent 6PGD (G. Martinez-Drets and A. Arias, Actas V Reun. Lat. Am. de Rhizobium, Rio, Brazil, p. 15, 1970 (3) . The assays were performed in a 10-ml Warburg vessel that has a center well and two lateral arms.
The main compartment contained: tris(hydroxymethyl)aminomethane buffer, pH 7.5, 50 ,umol; sodium 6-phospho[1-14C]gluconate, 2.5 ,umol (166,000 cpm); ethylenediaminetetraacetic acid, tetrasodium salt, 1 Amol; and partially purified enzyme preparation, 0.7 U, in a volume of 0.8 ml. One lateral arm contained NAD+ or NADP+, 2 ,umol, and the other lateral arm contained 0.2 ml of 5 N H2SO4. The center well contained 0.2 ml of 3.4 N KOH. The vessels were connected with a Warburg manometer and incubated for 5 thin at 30°C to permit temperature equilibration. The reaction was begun by the addition of NAD+ or NADP+ from the lateral arm to the main compartment. The vessels were incubated for 1 h at 30°C; after this time, the reaction was stopped by adding H2SO4 from the second lateral arm. To complete the total liberation of'4CO2 and its trapping in the center well, the vessels were further incubated for 1 h at 37°C in a shaker bath. The total content of the center well was transferred to a centrifuge tube, transformed into Ba14CO3, and separated by centrifugation, and its radioactivity was measured in a thin-window gas-flow G-M counter.
Pentoses were determined by the cysteine-carbazole method (1) and the orcinol method (6) . Ribulose (Calbiochem) was identified by paper chromatography by using a solvent system of n-butanol-acetic acid-water (120:30:50) and spraying the paper chromatograms with ammoniacal silver nitrate, phloroglucinol reagent, or anisidine phthalate (17). 6 (4) .
RESULTS
Activity of NAD+-6PGD. NAD+-6PGD activity was detected in cell-free extracts from eight strains of slow-growing rhizobia, and no activity of NADP+-6PGD was found in the same extracts (Table 1 , top eight lines). NAD+-6PGD activity was found in eight strains of fast-growing rhizobia but not in two fast-growing strains belonging to the group of R. meliloti; NADP+-6PGD was found, as previously (9), in all the fast-growing strains of rhizobia studied ( Table 2 shows that, for R. japonicum 5006, there was some variation in the NAD+-dependent activity depending on the carbon source; in no case was there NADP+-dependent activity.
Purification of NAD+-6PGD. NAD+-6PGD was partially purified from a cell-free extract of R. japonicum 5006 ( Table 3 ). The cell-free extract was treated with 2% protamine sulfate in 0.05 M sodium phosphate buffer (pH 7.0) (0.114 mg of protamine per mg of protein) and centrifuged after 30 min at 00C; the precipitate was discarded. The supernatant (protamine fraction) solution was heated in a water bath at 800C for 2 min and centrifuged at 10,000 x g for 10 min; the precipitate was discarded. The supernatant solution (heated fraction) was taken to 55% saturation with solid ammonium sul- Gluconate dehydrogenase, which was present in the crude extract, had disappeared after heat treatment. Appreciable Entner-Doudoroff pathway activity in the cell-free extract was totally separated by the passage through the Sephadex G-100 column.
Properties of NAD+-6PGD from R. japonicum 5006. (i) Stability. The cell-free extract was kept frozen for more than 2 months without losing its activity. Partially purified extract was kept for 1 month at -20°C with a loss of about 30% of its activity.
(ii) Effect of pH on reaction rate. The optimal pH was between 7.5 and 8.0, with about 30% activity at pH 8.7. The buffers used for the different pH determinations were sodium acetate (pH 4.8 to 6.0), sodium phosphate (pH 6.0 to 8.0), and tris(hydroxymethyl)aminomethane (pH 7.5 to 9.0).
(iii) Effect of substrate and coenzyme concentration. The Michaelis constants were determined following the method of LineweaverBurk. Values for 6-phosphogluconate and NAD+ were 1.2 x 10-4 and 9.1 x 10-5 M, respectively.
(iv) Enzymatic reaction mechanism. It was necessary to establish the nature of the reaction of the enzyme (fraction 5, Table 3 ) and to determine whether NAD+-6PGD from R . japonicum 5006 had decarboxylating as well as oxidative activities.
Decarboxylating activity. The product of enzymatic decarboxylation of 6-phosphogluconate was determined by measuring the 14CO2 formed. In Table 4 , it is shown that by incubating NAD+ with 6 phospho[1-14Clgluconate there was stoichiometric production of '4CO2. No significant amount of '4CO2 was produced by substituting NADP+ for NAD+.
Oxidative activity. 6-Phosphogluconate oxidation was followed by: (i) measuring the formation of NADH, and (ii) determining the final products formed. Formation of NADH was followed spectrophotometrically, and the products of 6-phosphogluconate oxidation were determined by colorimetric and chromatographic methods (17) . For this determination, a mixture of NAD+, 6-phosphogluconate, and the enzyme preparation was added to a system able to reoxidize the formed NADH. The incubation mixture contained 6-phosphogluconate, 25 ,umol; NAD+, 4 ,umol; sodium pyruvate, 40 ,tmol; rabbit muscle lactic dehydrogenase (Sigma), 0.75 mg; glycylglycine buffer (pH 8.0), 100 ,umol; and partially purified enzyme (1.9 U), to a final volume of 2.0 ml. Two controls lacked NAD+ or contained boiled enzyme. The mixture was incubated at room temperature for 1 h. At 0, 30, and 60 min, portions were taken to (14) , Candida utilis (13) , and brewer's yeast (5) . However, it has been found that some bacteria have 6PGD with activity associated with both NAD+ and NADP+. Thus, 6PGD isolated from glucose-adapted cells of Streptococcus faecalis was NADP+ specific, whereas gluconate-adapted cells possessed an NAD+-specific 6PGD in addition to the NADP+-linked enzyme (3) . The data reported here suggest the existence of an NAD+-linked 6PGD in the eight slow-growing rhizobia studied and absence of NADP+-6PGD in the same extracts. The NAD+-6PGD partially purified from R. japonicum 5006, which was freed from the Entner-Doudoroff pathway and gluconate dehydrogenase, catalyzes the transfornation of 6-phosphogluconate by an oxidative decarboxylation mechanism, with the formation of CO2 and ribulose phosphate. It is unlikely that the oxidative decarboxylation detected in R. japonicum was due to the action of two different enzymes, a dehydrogenase and a decarboxylase, as already reported 'in Leuconostoc mesenteroides B07 (19) , because the addition of semicarbazide (10 mM) to the complete incubation mixture (Table 4 ) had no effect on the decarboxylating activity of NAD+-6PGD.
Bowien and Schlegel (2) reported the existence in Pseudomonas facilis of an oxidative decarboxylating 6PGD specific for NAD+, which seems to be similar to NAD+-6PGD isolated from R. japonicum 5006. Similarity between NAD+-6PGD from rhizobia and from the pseudomonad is new evidence supporting their phylogenetic relationship (18) .
